Ni-reduced graphene oxide (rGO) composite cathodes were successfully prepared by composite electrodeposition under supergravity fields. The synthesized composite cathodes exhibit unique hierarchical structure with large numbers of Ni nanoparticles anchoring on the rGO surface. Specifically, the sample prepared from the electrolyte containing 0.7 g L À1 GO at rotational speed 3000 rpm displays a favorable activity toward the hydrogen evolution reaction (HER) in 1 M NaOH solution with a high exchange current density of 741.3 mA cm À2 and a low Tafel slope of 120 mV dec À1 . Electrochemical impedance spectroscopy (EIS) and cyclic voltammetric (CV) tests demonstrate that the superior catalytic activity should be ascribed to the enhanced active surface area and the improved intrinsic activity.
Introduction
Hydrogen, as a clean and sustainable chemical fuel, is recognized as the most promising substitute for fossil fuel in the future energy infrastructure. [1] [2] [3] Water electrolysis is a renewable and secure way to create hydrogen of high purity with zero pollutants emission. 4, 5 Currently, the state-of-art cathode materials for the hydrogen evolution reaction (HER) are based on Pt and Pt-based materials, 6, 7 but their broad applications are restricted by the high cost and resource scarcity. Thus, it is a crucial task to develop effective earth-abundant HER electrocatalysts to replace the precious metals. Among the non-noble metals, Ni and Ni-based electrode materials have been widely considered as promising electrocatalytic materials due to their comparatively large electrocatalytic activity and good stability for HER in alkaline solutions. 8 Two main approaches including alloying Ni with some other metals or non-metals [9] [10] [11] [12] [13] [14] [15] [16] and compositing Ni with active nano-sized particles [17] [18] [19] [20] [21] [22] have been taken to enhance the intrinsic activity and/or increase the real surface area of electrode materials for HER.
Graphene as a kind of at sheet comprised of sp 2 -hybridized carbon atoms with a two-dimensional (2D) hexagonal honeycomb lattice has received tremendous interests in the electrochemical elds owing to its outstanding chemical and physical properties. For instance, numerous researchers have been devoted to studying the application of graphene/reduced graphene oxide (rGO) in H 2 storage, [23] [24] [25] [26] and have found that graphene/rGO could enhance the catalytic activity of metal catalysts through H spillover effect which essentially involves the transfer of dissociated H from a metal catalyst to the graphene substrate. This H spillover effect has also been conrmed to be effective for application in HER electrocatalysis due to the promotion of forming more free active sites on the catalyst surface. 27 Inspired by this result, the synergetic effect would be essential in Ni-rGO composite cathodes to further enhance the electrocatalytic performance of cathodes for HER in alkaline solution.
Generally, the normal electrodeposition is one of the most popular methods to prepare Ni-based-rGO composite coatings by dispersing GO/rGO into electrolyte. 28, 29 However, the slow mass transfer and poor by-product bubble separation oen lead to low efficiency and high energy consumption for normal electrodeposition. 30 Recently, we have found that the micro mixing, mass transfer process and bubble separation rate during composite electrodeposition could be markedly promoted by introducing supergravity eld, giving rise to a dramatical change both in the microstructure and the morphology of materials. 20, 22, 31 Based on the results, this research aims at combining the supergravity eld with the electrodeposition process to acquire Ni-rGO composite cathode with prominently changed morphology and structure for HER. In addition, impacts of both the supergravity eld and GO content on the electrocatalytic and physical properties of the composite cathodes were detailedly studied.
Experimental

Preparation of Ni-rGO composite cathodes
The synthesis of Ni-rGO composite cathodes were carried out in the supergravity equipment which has been described detailedly in our previous paper.
32 A B 10 cm Â 2 cm copper foil circular ring was used as substrate for composite electrodeposition and a pure nickel pipe was used as anode. All of the copper substrates were mechanically polished, degreased and activated successively before electrodeposition. The Ni-rGO composite cathodes were electrodeposited under various supergravity elds from a nickel sulfamate bath including 350 g The electrolyte was continuously sonicated for 60 min before electrodeposition. Various intensities of supergravity elds were achieved by modulating the value of the rotational speed N. The composite electrodeposition was executed at a constant current density of 3 A dm À2 for 60 min at 318 K.
Material characterizations
Fourier transform infrared spectroscopy (FT-IR) was performed to analyze the synthesized GO using a Nicolet IS Fourier transformation infrared spectrometer with the wave number range of 500-4000 cm À1 . Atomic force microscopy (AFM) was characterized by a commercial instrument (Bruker Multimode 8) to investigate the surface morphologies of GO. TEM image was acquired using an Hitachi HT 7700 eld-emission transmission electron microscope operated at 100 kV. The X-ray diffraction (XRD) patterns were recorded on a Rigaku Smart Lab diffractometer with Cu Ka irradiation (l ¼ 1.5418Å). The scanning electron microscopy (SEM) measurement was utilized to characterize the morphologies of the composite materials on a Zeiss Supra 55 type eld emission scanning electron microscope at an accelerating voltage of 20 kV. The chemical compositional analysis of the composite electrodes was carried out using an energy dispersive spectrometer (EDS) attached to the SEM.
Electrochemical measurements
The electrochemical measurements were performed in a standard three-electrode cell with 1 M NaOH solution by the CHI 660E electrochemical workstation at room temperature. A platinum foil was used as the counter electrode and an Hg/HgO electrode (0.097 V vs. NHE) as the reference electrode. The synthesized circular ring cathode was cutted into several pieces (2 cm Â 2 cm) and sealed by insulating epoxy resin, leaving an 
Results and discussion
Characterization of the synthesized GO sheets was performed by TEM, XRD, AFM and FT-IR measurements (ESI, Section 2 and Fig. S1 †) . The morphologies of Ni-rGO composite cathodes synthesized under different conditions are presented in Fig. 1 . The typical tapered morphology of Ni coating synthesized at rotational speed 3000 rpm is presented in Fig. 1a for comparison. Fig. 1b-d show the morphologies of Ni-rGO cathodes electrodeposited at rotational speed 3000 rpm from the elec-
tively. It obviously can be observed that the morphologies of Ni-rGO coatings change prominently with rGO sheets appearing in Ni matrix. When the GO concentration adds to 0.7 g L À1 ,
the morphology of composite cathode appears to be a multilayer feature with Ni-rGO hybrid stacking together. It can be seen clearly from the magnied inset as indicated by arrow that the Ni particles with an average size of 300 nm distribute densely and homogeneously on the surface of each rGO sheet to form a sandwich-like structure. However, further enlarging the GO concentration to 1.5 g L À1 it comes out to be an aggravation of agglomeration for rGO in Ni matrix as shown in Fig. 1d . The morphologies of Ni-rGO composite coatings synthesized under various supergravity-eld intensities from a same GO concentration of 0.7 g L À1 in electrolyte are presented in Fig. 1c and e-g. The inset images are magnied zoom marked by the arrow for each sample. As displayed in Fig. 1e , the catalyst synthesized under normal gravity condition shows a heterogeneous distribution of rGO in matrix, which can be reected from the accumulational rGO exposing in magnied zoom. However, the uniformly distributed rGO sheets in coatings of Ni-rGO cathodes synthesized at rotational speed 2500, 3000 and 3500 rpm respectively are presented in Fig. 1f , c and g. The EDS elemental mapping of Ni-rGO cathode synthesized at rotational speed 3250 rpm including 0.7 g L À1 GO in the bath solution is displayed in Fig. 1h . The elemental mapping images of Ni, C and O illustrate that a portion of oxygenated functional groups in GO remain preserved even aer the reduction. The mapping image displays C element is uniformly distributed in the sample, proving that rGO sheets are well embedded in the entire Ni matrix. The XRD patterns of Ni-rGO catalysts synthesized from various concentrations of GO at a same rotational speed 3000 rpm are presented in Fig. 2a and c. We can nd that all the patterns exhibit only diffraction peaks of Ni crystal planes, which is mainly due to the low relative content of rGO embedded in electrode compared with the Ni matrix. It should be noted that the diffraction peaks of Ni become weaken and broader to some extent compared with those in pure Ni coating, especially for the peaks of (111) and (200) of Ni ( Fig. 2c) , indicating that the Ni grain size in composite cathodes is decreased by introduction of GO during electrodeposition. The fact of grain renement is a typical phenomenon during composite electrodeposition and can be rationally explained that the rGO incorporated into matrix will not only provide more nucleation sites of Ni crystal seeds but also hinder the coarsening growth of Ni crystal grains. 35, 36 As a result, it can be concluded that the difference of morphology between Ni-rGO coating and pure Ni coating should be ascribed to the enhanced nucleation and the retarded crystal growth due to the incorporation of rGO. Fig. 2b and d exhibit the XRD patterns of Ni-rGO composite cathodes synthesized from a same GO concentration of 0.7 g L À1 in the electrolyte under various gravity elds. Obviously, each diffraction peak of Ni in the samples synthesized under different intensity of supergravity elds become broader and lower than that of samples synthesized at normal gravity eld. It also can be seen more clearly for the peaks of (111) and (200) of Ni in Fig. 3d (magnied rectangle regions of Fig. 2b ), demonstrating that the observed grain renement should be partly attributed to the supergravity elds.
In order to further study the microstructure of catalysts affected by GO concentrations and supergravity intensities, the full width at half maximum (FWHM) of (111) and (200) diffraction peaks of Ni derived from XRD analysis are listed in Table 1 . According to the Scherrer's equation which illustrates inverse relation between the crystal size and the FWHM, it can be found from Table 1 that the Ni grain sizes decrease and achieve a minimum value for 0.7 g L À1 GO concentration then increase again with the increasing of GO concentration in bath solution (all cathodes are synthesized under the same rotational speed 3000 rpm). This phenomenon has also appeared in our previous research, 22 which can be explained as follows. At the beginning, as the GO concentration improves, more GO sheets tend to be reduced on the cathode surface and introduced into Ni matrix which have the effect of rening crystal sizes. However, further increasing the content of GO in solutions will cause the deterioration of agglomeration for rGO sheets in Ni matrix, resulting in development of coarsening for Ni crystal sizes.
Besides, comparing the FWHM values of the samples synthesized from the same GO concentration (0.7 g L À1 ) under various gravity elds, it is evident to nd that the crystal size of Ni-rGO electrodes synthesized under supergravity elds 
; (e-g) SEM images of Ni-rGO composite cathodes synthesized under different gravity intensities: (e) normal, (f) 2500 rpm, (g) 3500 rpm; (h) EDS elemental mapping of Ni-rGO composite cathode synthesized from 0.7 g L À1 GO in solution under rotational speed 3250 rpm. The inset images are magnified zoom marked by the red arrow for each sample. decreases obviously, particularly for the samples synthesized at N values of 2750 and 3000 rpm. This phenomenon is primarily attributed to the signicant enhancement of supergravity eld on the mass transfer and the micro mixing process, promoting the mobility velocity of Ni 2+ and GO to cathode surface to decrease the concentration polarization and increase the activation polarization. Accordingly, a higher nucleation rate with ner crystal tendency is achieved under supergravity elds. However, it needs to be noted that the grain sizes exhibit a slight coarsening by furthering increasing the N value. Our previous researches have been found that the effective deposition surface area during electrodeposition increases to some degree at higher rotational speed because of the rapid disengagement of H 2 bubbles with lower bubble coverage on cathode surface. Hence, the effective current density for electrodeposition decreases slightly at higher rotational speed, leading to a slight reduction of nucleation rate of Ni crystals.
32,37
Fig . 3 displays the HER electrocatalytic activities of the synthesized Ni-rGO and pure Ni cathodes. It can be seen from Tafel curves (Fig. 3a) that the Ni-rGO cathodes exhibit prominently enhanced electrocatalytic activities compared to the pure Ni electrode synthesized at the same rotational speed 3000 rpm. As the GO concentration in electrolyte increases to 0.7 g L À1 , the electrochemical activity of synthesized Ni-rGO cathode reaches a maximum, and further increasing the content of GO leads to a slight reduction, which means that among the studied range of GO concentration, the content of 0.7 g L À1 GO in electrolyte could be regarded as the relatively optimum value. And the degradation of HER activity of Ni-rGO cathodes synthesized under high GO concentration could be mainly attributed to the agglomeration of rGO in Ni matrix. The electrocatalytic performance of the catalysts synthesized under various gravity elds from the same GO concentration of 0.7 g L À1 in electrolyte are presented in Fig. 3b . All of the catalysts synthesized under supergravity elds exhibit markedly improved electrocatalytic performance for HER compared with the normal one. Furthermore, the HER performance of the samples increase with the N value enlarging to 3000 rpm, followed by declining as further enhancing the rotational speed. This result also could be ascribed to the coarsening of Ni crystal sizes of composite catalysts synthesized under higher supergravity elds. The kinetic parameters obtained from the Tafel curves are listed in Table 2 . The Ni-rGO composite cathodes yield an evident enhancement on exchange current density j 0 for HER compared with the pure Ni electrode. Among the samples synthesized at same rotational speed 3000 rpm from various GO concentrations, the composite cathode synthesized from the GO content of 0.7 g L À1 shows the highest j 0 value of 741.3 mA cm À2 . Moreover, all samples synthesized under supergravity elds exhibit higher catalytic activity compared to the one synthesized at normal condition, and the catalyst fabricated at rotational speed 3000 rpm also presents the best performance for HER among the Ni-rGO composite cathodes prepared under different supergravity elds, of which the j 0 value is almost 117 times higher than 6.309 mA cm À2 for pure Ni electrode and 5 times higher than 149.6 mA cm À2 for the one synthesized under normal gravity eld. The current density at overpotential 100 mV of each sample is calculated and denoted as j 100 . Compared with the pure Ni cathode and Ni-rGO cathode synthesized under normal eld, it can be clearly found that all Ni-rGO cathodes synthesized under supergravity elds show higher values. The best Ni-rGO composite cathode produces the highest j 100 value of 10.7 mA cm À2 . This value is superior to the 12 and Pd-Ni-Mo lm (j 280 $ 10 mA cm À2 , 1 M NaOH). 40 The superior catalytic performance of Ni-rGO cathodes synthesized under supergravity elds could be attributed to the following reasons: (1) the unique multilayer structure with large numbers of Ni nanoparticles anchoring on the rGO surface has signicantly increased the surface area and provided more active sites for H adsorption during the Volmer step; (2) the cooperative effect between the Ni nanoparticles and the rGO sheets facilitates the H ads spillover from the Ni particles surface and migrate onto the rGO surface to enable the cleaning of Ni particles surface with more free active sites for H ads to be formed.
27
Tafel slope b also can estimate the HER mechanism for the electrodes, and the HER process have summarized as the following three essential steps: (1) Table 2 , most of the Tafel slopes of Ni-rGO composite cathodes synthesized under supergravity elds are $120 mV dec À1 , which can be inferred that the rate-determining step of HER may be the Volmer step or the Volmer step coupled with one of the other two steps. 19 However, it is noteworthy that the Tafel slopes of Ni-rGO cathodes synthesized under supergravity elds all turn out to be slight increase at higher overpotentials as shown in Fig. 3a and b . This phenomenon has also been reported by other researchers before and could be related to the formation of hybrids in the cathode surface. As the overpotentials increase, a large number of H ads and H 2 are generated and adsorbed on the cathode surface, which gradually becomes a barrier to modify the electronic and structural state of the cathode/electrolyte interface, causing the slight increase in the Tafel slopes. [41] [42] [43] [44] Noticeably, it has been found that the Ni-rGO composite cathodes synthesized under supergravity elds in this paper display more active behaviors than our previous researches and also some other recently reported works on Nibased catalysts (Table S1 †) .
In order to further analyze the electrochemical behaviors on the composite electrodes, EIS measurements are performed at cathode overpotential of 150 mV and the corresponding complex plane Nyquist plots are shown in Fig. 3c and d (symbols were experimental data and solid lines were tted curves). The impedance spectra are characterized by the Armstrong's equivalent electric circuit model based on the singleadsorbate mechanism as depicted in the inset of Fig. 3c . 45 The relevant parameters simulated from the EIS spectra are displayed in Table S2 . † Compared with the pure Ni cathode, it can be seen that both R ct and R p values of Ni-rGO cathodes decrease drastically. As we know, the smaller value of R ct illustrates more favorable for the Volmer reaction during HER process. The R ct of composite cathodes synthesized at the same rotational speed 3000 rpm shows a minimum value of 5.47 U cm À2 for the sample synthesized from 0.7 g L À1 GO in electrolyte, which is also the lowest among those of Ni-rGO samples synthesized at various supergravity intensities. It is almost 87 and 7 times lower than those of pure Ni cathode and Ni-rGO cathode synthesized at normal eld, respectively. The above results are in keeping with Tafel analysis, and it is in depth conrmed that the best electrochemical behavior for HER of Ni-rGO cathodes was synthesized under supergravity eld of rotational speed 3000 rpm with optimal GO concentration of 0.7 g L À1 in electrolyte. The value of (R ct + R p ) could also explain electrocatalytic activity for HER which have studied in our published papers.
18,20
Considering electrochemical active surface area plays a crucial role in improving electrocatalytic activity for HER, the surface roughness R f is calculated by comparing the double layer capacitance C dl value with 20 mF cm À2 for smooth electrode surface (R f ¼ C dl /20). 44 The double layer capacitance C dl of the electrode is obtained by using the equation from Brug et al. 10, [46] [47] [48] [49] As calculated in Table 3 , it can be found that the R f values of Ni-rGO composite samples increase remarkably compared with the pure Ni electrode, and obtain the highest value of 836 for 0.7 g L À1 GO in bath solution. Furthermore, all R f values of composite cathodes synthesized under supergravity elds are enhanced obviously compared to the sample synthesized at normal condition. The higher R f value means providing more electrocatalytic active sites at per unit apparent surface area for HER, which is mainly ascribed to the multilayer sandwich-like structure of Ni-rGO composite with large numbers of nano-sized Ni particles growing on. In addition, it is a good way to compare the intrinsic activity of the electrodes through normalizing the current densities to R f at overpotential of 100 mV (i.e. j 100 /R f ) as presented in Table 3 . At the overpotential of 100 mV, the average value of j 100 /R f for the catalysts synthesized under supergravity elds is about 3 times higher than the values of the pure Ni cathode and the normal one. It means that the intrinsic activity of Ni-rGO composite cathodes synthesized under supergravity elds increases signicantly compared with the Ni-rGO cathode synthesized under normal condition and the pure Ni cathode. The improved intrinsic activity of the catalysts should be mainly ascribed to the promoted cooperative effect between the Ni nanoparticles and the well-integrated rGO sheets by the unique multilayer structure. CV curves of Ni-rGO composite cathodes synthesized under various gravity elds were researched in alkaline solution at a scan rate of 30 mV s À1 between 0.5 V and À1.5 V. As exhibited in Fig. 3e , the CV plots of all Ni-rGO cathodes show obvious reduction peaks at the potential range of À1.1 V to À1.0 V and oxidation peaks at À1.0 V to À0.5 V (vs. Hg/HgO), which are associated with the H atoms adsorption process and the oxidation of Ni to NiO/Ni(OH) 2 respectively. 39,50 It can be observed in Fig. 4a that the curve of pure Ni electrode displays a low peak cathodic current density (i pc ) with small area covered under CV plots, suggesting poor catalytic performance for HER. The curves of Ni-rGO cathodes present signicant enhancement in the i pc values and the area covered under CV curves, revealing higher electrochemical active surface area coupled with activation process of H atoms adsorbed/desorbed on the cathodes surface especially for the sample synthesized from 0.7 g L À1 GO in solution, which is in line with the results revealed in above EIS measurement. As displayed in Fig. 3f , the CV curves of Ni-rGO composite cathodes synthesized under different supergravity elds present both higher i pc and larger area covered under CV curves than that of prepared under normal condition. In accordance with the results found in Tafel and EIS measurements, the Ni-rGO composite cathode synthesized at rotational speed 3000 rpm shows a more favorable catalytic activity for HER. It is mainly due to the unique multilayer structure of like sandwich and larger active surface area of the composite electrodes. The performance of stability during the long-term electrolysis is another essential criteria to evaluate the cathode materials for practical utility. Therefore, chronopotentiometry test for a consecutive HER on the synthesized Ni and Ni-rGO cathodes were tested under a constant current density of 250 mA cm À2 (i.e. the current density normally used in industrial operation) for 7 h in the same conguration. It can be seen in Fig. 4 that the curves of all studied samples display a declined process of potential in the initial period due to the reduction of the oxides on the cathodes surface and then gradually tend to smooth and steady. The pure Ni electrode shows a higher cathodic potential and more unstable electrolysis during the long-term HER, which results from the collapse of Ni-based structure and interference by the adsorption/desorption of big H 2 bubbles on the cathode surface. Compared to the pure Ni electrode, the Ni-rGO cathode synthesized under normal gravity eld displays apparent enhancement on the HER stability, yet still shows a higher cathodic potential than the Ni-rGO composite catalyst synthesized under rotational speed 3000 rpm, which presents a good electrochemical stability with the minimum potential for HER. The above results are in agreement with the else electrochemical measurements. During the stabilized electrolysis process, the Ni-rGO cathode synthesized under rotational speed 3000 rpm undergoes negligible deterioration in cathodic potential, revealing that it has robust durability and stability for long-time HER. The surface morphologies of three catalysts aer long-time HER were studied and revealed in the inset of Fig. 4 . Evidently, a large number of spots appear on the surface of pure Ni electrode, compared with the pristine morphology in Fig. 1a , prevailingly caused by the alkaline corrosion and H 2 impulsion. However, surface morphologies of Ni-rGO composite cathodes both present almost no change aer chronopotentiometry testing, declaring that the incorporation of graphene sheets in composite cathodes can effectively defend against the aggressive alkaline solution and improve the stability of electrode materials.
Based on the systematic analysis, it conrms that the Ni-rGO cathode synthesized with 0.7 g L À1 GO in bath at rotational speed 3000 rpm shows the best catalytic performance and stability for HER in 1 M NaOH solution. The excellent HER performance could be ascribed to the unique morphology feature of the composite cathodes which is beneted from the utilization of supergravity elds. The remarkably improved mass transfer and micro mixing process under supergravity elds can facilitate the disengagement of hydrogen bubbles from electrode surface timely and accelerate the transfer of GO sheets towards cathode to be reduced. Thus, the embedded rGO sheets will act as the new substrates for Ni 2+ being reduced on its surface to form in situ growing nano-sized Ni particles. As the electrodeposition process continuous, the Ni-rGO hybrid stacked one by one gives rise to the sandwich-like hierarchical structure. In addition, the interspace between the stacked NirGO hybrid can provide an easy path for electrolyte diffusing in, which ensures the formation of more nano-sized Ni particles between the interlayers during electrodeposition process. This unique multilayer structure with numerous Ni nanoparticles anchoring on the rGO surface has greatly increased the active surface area and effectively enhanced the cooperative effect between Ni nanoparticles and rGO sheets. Hence, the Ni-rGO cathode synthesized under the optimum GO concentration and supergravity strength shows outstanding electrocatalytic property for HER. The schematic illustration of the proposed behaviors of Ni 2+ and GO under supergravity elds during electrodeposition is given in Fig. 5 , which provides a visual description for the structure evolution.
Conclusions
In summary, we have synthesized the Ni-rGO composite cathode with a new hierarchical morphology through a single step method of electrodeposition under supergravity eld. Such morphology feature coupled with large numbers of nano-sized Ni particles provides high active surface area for HER and ensures a favorable cooperative effect between the rGO sheets and Ni to facilitate the H ads migrate from the Ni particles to rGO surface. The electrochemical testings present that the catalytic performance of Ni-rGO composite cathodes are enhanced prominently compared with that synthesized under normal gravity eld. The sample synthesized at rotational speed 3000 rpm from the optimal GO concentration 0.7 g L À1 achieves the highest exchange current density for HER, which is about 117 times and 5 times higher than that on pure Ni cathode and Ni-rGO cathode synthesized under normal gravity condition respectively. During the long-term HER test, the composite cathode exhibits excellent stability with almost unchanged morphology feature.
